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In  the  area  of  fuel  cell  research,  most  of  the  experimental  techniques  and  equipments  are  still  devoted 
to  the  analysis  of  single  cells  or  very  short  stacks.  However,  the  diagnosis  of  fuel  cell  stacks  providing 
significant  power  levels  is  a  critical  aspect  to  be  considered  for  the  integration  of  fuel  cell  systems  into 
real  applications  such  as  vehicles  or  stationary  gensets.  In  this  article,  a  new  instrument  developed  in-lab 
is  proposed  in  order  to  satisfy  the  requirements  of  electrochemical  impedance  studies  to  be  led  on  large 
FC  generators  made  of  numerous  individual  cells.  Moreover,  new  voltammetry  protocols  dedicated  to 
PEMFC  stack  analysis  are  described.  They  enable  for  instance  the  study  of  membrane  permeability  and 
loss  of  platinum  activity  inside  complete  PEMFC  assemblies. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Some  important  research  programs  are  currently  launched  to 
develop  new  fuel  cell  (FC)  generators  which  can  fulfill  the  durability 
and  reliability  requirements  of  vehicle  and  stationary  applications. 
For  cars  and  buses,  lifetimes  over  6000  and  20,000  operating  hours 
respectively  are  expected.  In  the  case  of  distributed  power  gener¬ 
ation  systems,  operating  lifetimes  may  exceed  40,000  h.  To  reach 
these  targets,  a  considerable  research  effort  is  made  first  to  under¬ 
stand  the  physical  and  chemical  phenomena  involved  in  these  new 
electrochemical  components  through  the  development  of  relevant 
diagnostic  methodologies,  second  to  develop  preventive  mainte¬ 
nance  procedures  which  would  allow  detecting  at  which  moment 
the  FC  elements  must  be  changed. 

FC  characterization  and  diagnostic  can  be  done  using  numer¬ 
ous  experimental  methods.  These  methods  can  be  classified  for 
instance  following  their  capability  to  obtain  valuable  and  accurate 
information  about  the  FC  system  state  of  health,  their  performances 
in  terms  of  time  acquisitions,  and  cost.  In  this  context,  electroana- 
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lytical  methods  like  electrochemical  impedance  spectroscopy  (EIS), 
linear  sweep  voltammetry  (LSV)  and  cyclic  voltammetry  (CV)  are 
considered  as  efficient  and  suitable  solutions. 

EIS  has  been  extensively  applied  in  the  field  of  PEMFC  research 
(study  of  ageing  [1  ],  oxygen  reduction  reaction  [2],  diagnostic  [3,4]). 
However,  EIS  studies  usually  focus  on  single  cells  or  short  cell 
assemblies  (stacks  composed  of  less  than  10  cells)  because  of  the 
technological  limits  of  the  classical  impedancemeters.  Sometimes, 
EIS  may  also  appear  as  an  incomplete  diagnostic  tool  since  it  can¬ 
not  provide  direct  and  sufficient  accurate  information  about  the  FC 
membrane  structure  and  the  catalyst  activity  in  the  electrodes.  The 
rise  of  the  membrane  permeability  (inducing  a  higher  crossover  of 
reactants  through  the  electrolyte)  and  the  loss  of  platinum  activ¬ 
ity  (leading  to  a  decrease  of  the  active  area  in  the  electrodes)  are 
nevertheless  considered  as  the  main  possible  causes  of  FC  stack  fail¬ 
ures  [5].  The  fuel  crossover  rate  and  the  true  electrochemical  active 
area  are  generally  determined  using  well-suited  electroanalytical 
methods  such  as  LSV  and  CV  [6,7].  But  so  far,  LSV  and  CV  were  also 
reserved  to  the  study  of  single  cells. 

In  this  paper,  we  propose  to  describe  a  new  EIS  test  instru¬ 
ment  as  well  as  novel  LSV  and  CV  protocols  specially  designed  for 
the  diagnostic  of  FC  stacks.  Indeed,  the  development  of  new  tests 
instruments  and  procedures  allowing  the  diagnosis  of  FC  stacks  is 
now  considered  as  a  critical  task  for  the  improvement  of  the  FC 
technology  to  reach  higher  power  levels  and  thus  to  envisage  more 
realistic  applications.  As  revealed  in  many  research  papers,  the 
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individual  cells  in  a  FC  stack  exhibit  heterogeneities  in  cell  per¬ 
formance  especially  in  severe  conditions.  SchieBwohl  et  al.  have 
demonstrated  that  individual  cell  voltages  in  a  large  FC  stack 
(composed  of  60  cells)  varies  from  0  to  0.8  V  during  freeze  starts 
experiments  [8].  This  large  cell  voltage  distribution  results  from 
differences  in  water  content,  state  of  degradation  or  gas  flowing 
conditions  in  the  stack.  In  their  work,  Van  Nguyen  and  Knobbe  stud¬ 
ied  a  management  strategy  of  liquid  water  for  PEMFC  stacks  [9].  An 
important  voltage  gap  between  the  different  individual  cell  polar¬ 
ization  curves  was  observed  on  short  cell  stacks  (two  and  three  cell 
stacks).  Yuan  et  al.  investigated  a  PEMFC  stack  composed  of  six  cells 
using  the  EIS  method  [4].  Some  variations  in  ohmic  resistance  and 
charge  transfer  values  depending  of  the  cell  tested  were  observed. 
Yuan  et  al.  conclude  that  among  the  six  cells  of  the  stack,  the  cen¬ 
ter  cells  have  lower  ohmic  resistances  due  to  higher  temperatures 
in  the  middle  of  the  stack.  In  a  recent  work,  Finsterwalder  used 
a  statistical  approach  to  analyze  stack  reliability  issues  [10].  The 
conclusions  of  the  work  were  the  following  ones: 

-  The  larger  the  stack  is,  the  shorter  the  lifetime  (due  to  early  failure 
of  individual  cells). 

-  Lifetime  becomes  more  predictable  for  larger  stacks  (since  main¬ 
tenance  can  be  better  scheduled). 

Furthermore,  in  many  theoretical  studies,  FC  stacks  are  mod¬ 
eled  as  a  single  “mean”  cell,  assuming  that  all  the  individual  cells 
have  identical  behaviors  [11,12].  This  hypothesis  can  obviously  be 
done  for  short  stacks  and  safe  FC  assemblies  operated  close  to  their 
nominal  conditions.  Flowever,  when  dealing  with  the  issues  of  diag¬ 
nostic  (i.e.  with  cell  failures,  with  operations  in  severe  conditions) 
and  large  stacks  dedicated  to  embedded  or  autonomous  genera¬ 
tors,  the  “mean”  cell  models  are  usually  not  sufficient  to  satisfy 
diagnosis  purposes.  For  instance,  in  the  case  of  a  multi-cell  gener¬ 
ator,  most  of  these  models  cannot  explain  some  large  distributions 
of  the  individual  cell  voltages  possibly  caused  by  the  gas  supply 
design  (e.g.  arrangement  of  the  channels  in  FC  bipolar  plates)  and 
the  cooling  system  configuration.  Flowever,  a  more  limited  number 
of  few  stack  models  try  to  take  into  account  some  parameter  varia¬ 
tion  (e.g.  cell  temperature)  in  the  geometry  of  FC  generators.  As  an 
example,  the  work  of  Shan  et  al.  can  be  mentioned.  In  their  study, 
the  authors  consider  the  effect  of  the  cell  temperature  distribution 
on  the  cell  voltages  [13]. 

As  already  suggested,  in  the  FC  experimental  domain,  most  of 
the  measurement  techniques/equipments  are  devoted  to  single  cell 
or  very  short  stack  investigations.  The  need  of  high-voltage  acquisi¬ 
tion  systems  for  the  EIS  characterization  of  FC  power  generators  led 
us  to  develop  a  new  instrument  adapted  to  the  analysis  of  large  FC 
stacks.  In  Section  2  of  this  paper,  we  describe  a  new  electrochemical 
impedance  acquisition  system  based  on  a  novel  architecture  spe¬ 
cially  dedicated  to  the  characterization  and  diagnosis  of  FC  stacks 
operated  in  galvanostatic  mode.  The  FC  voltage  and  current  acqui¬ 
sitions  can  be  done  up  to  700Vrms  and  450  A,  respectively,  which 
enables  the  test  of  large  FCs  with  significant  power  levels  for  vehicle 
and  stationary  applications.  In  Section  3,  we  intend  to  propose  new 
LSV  and  CV  protocols  to  characterize  multi-cell  generators  (cells 
and  stacks). 

2.  Home-made  impedance  spectrometer 

2.1.  Architecture  of  the  spectrometer 

The  new  impedance  spectrometer  has  been  designed  using 
National  Instruments  materials  and  Labview®  software  [14,15] 
(Fig.  1).  A  1000B  PXI  chassis  is  used  to  implement  the  different 
measurement  cards.  Two  types  of  trigger  lines  are  included  in  the 


Table  1 

General  specifications  of  the  new  impedancemeter. 


Parameters 

Values 

Current  range  (A) 

AC  component  (i~) 

7  x  10-3  <i~  <450 

/  +  i~<  450 

DC  component  (/) 

H2</<450 

/+f~<  450 

Voltage  range  (Vrms) 

Compliance  voltage 

±700 

Common  mode  potential 

±500 

Theoretical  frequency  bandwidth  (Hz) 

6.7  x  10-3  to  36  x  103 

Voltage  acquisition  channels 

31 

Dimensions  [height,  width,  depth]  (mm) 

178x270x379 

Weight  (kg) 

15 

Cost  (k€) 

19.5 

chassis  backplane,  which  leads  to  a  high  precision  for  the  syn¬ 
chronization  between  the  different  cards.  The  synchronization  of 
all  digital  multimeters  (DMM)  cards  PXI-4071  is  guaranteed  by  a 
28.8  MHz  internal  reference  clock.  The  trigger  signal  of  PXI-4071 
cards  is  produced  by  a  function  generator  (PXI-5406).  An  arbitrary 
function  generator  (PXI-5406)  is  connected  to  the  control  circuit  of 
the  electronic  loadbank.  The  waveform  generator  can  generate  five 
different  types  of  signals  (sinus,  square,  ramp,  triangle,  and  arbi¬ 
trary)  in  the  voltage  range  0-10  V.  The  electronic  load  transforms 
the  actuating  signal  into  a  regulated  load  current  with  DC  and  AC 
component  parts  (galvanostatic  operation).  To  measure  and  con¬ 
trol  the  current  level,  a  high  accuracy  LEM  current  sensor  ITB-300S 
is  used.  The  current  measured  by  the  sensor  is  changed  into  voltage 
by  a  high  precision  resistance  (5  £2, 0.2%).  The  voltage  converted  by 
the  resistance  is  measured  by  a  DMM.  The  stack  voltage  is  mea¬ 
sured  directly  at  the  “boundaries”  of  the  assembly.  At  the  same 
time,  the  voltages  of  the  cells  are  acquired  indirectly  using  a  multi¬ 
plexer  card  (PXI-2527).  In  the  current  configuration  of  the  system, 
the  multiplexer  card  can  switch  up  to  31  channels  (individual  cells 
or  groups  of  cells).  Adding  two  PXI-2527  cards  can  permit  to  per¬ 
form  impedance  tests  on  93  modules  with  a  maximum  compliance 
voltage  of  500  V  and  a  common  mode  potential  of  700  V. 

2.2.  Hardware  specifications 

As  summarized  in  Table  1,  the  new  high-voltage  impedance 
spectrometer  exhibits  strong  capabilities  for  the  characteriza¬ 
tion  and  diagnostic  of  multi-cell  PEMFC  stacks.  With  regard  to 
its  high  compliance  voltage  and  common  mode  potential,  the 
impedancemeter  allows  investigating  the  behavior  of  FC  stacks 
including  more  than  100  elementary  cells  [14].  However,  the  fre¬ 
quency  bandwidth  is  limited  in  comparison  with  other  commercial 
solutions  (Zahner  IM6  and  Solartron  Modulab  [16]).  Nevertheless, 
the  frequency  bandwidth  exhibited  by  our  system  matches  well 
with  the  classical  frequency  bandwidth  of  PEMFC  generators.  Obvi¬ 
ously,  dimensions,  weight  and  cost  were  also  taken  in  consideration 
during  the  design  stage  of  the  instrument. 

2.3.  Software  development 

A  specific  Human-Machine  Interface  (HMI)  dedicated  to  the 
instrument  control  and  acquisition  of  impedance  spectra  has  been 
developed  under  Labview  Real-Time  (Fig.  2).  The  choice  of  devel¬ 
oping  the  software  on  a  Real-Time  target  was  done  with  the  goal 
to  optimize  the  synchronization  between  the  acquisition  cards 
(to  reduce  the  errors  on  complex  impedances)  but  also  to  con¬ 
trol  acquisition  time  (deterministic  task).  Some  subroutines  have 
been  created  to  automatically  perform  impedance  measurements 
on  the  cells  to  be  tested.  Fig.  2  shows  a  FC  test  bench  and  the 
impedancemeter  during  the  characterization  of  a  PEMFC  stack. 
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Fig.  1.  Scheme  of  the  experimental  EIS  measurement  system  developed  in-lab. 


2.4.  Validation  on  a  20  cell  stack 

EIS  experiments  have  been  conducted  with  a  20  cell  PEMFC 
stack,  made  of  graphite  bipolar  plates,  commercial  MEAs  (Mem¬ 
brane  Electrodes  Assemblies)  and  electrode  surface  areas  equal  to 
100  cm2.  The  tests  have  been  performed  using  a  2kW  test  bench 
developed  in-lab  and  described  in  detail  in  [  1 7].  With  this  test  stand, 
many  physical  parameters  involved  in  the  stack  can  be  controlled 
and  measured  in  order  to  master  the  FC  operating  conditions  as 
accurately  as  possible.  Stack  temperature,  gas  flows,  and  hygrome- 
try  rates  can  be  set.  Inlet  and  outlet  flows,  pressures,  temperatures, 
single-cell  voltages  and  load  current  can  be  monitored.  The  princi¬ 
ple  used  for  the  humidification  of  reactants  is  to  bubble  the  gases 
through  deionized  water  tanks.  The  dew  points  are  controlled  by 
the  water  temperatures  (temperature  sensors:  thermocouples  I<- 
type).  The  resulting  temperatures  and  humidity  rates  are  measured 
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at  the  FC  inlets  by  humidity  sensors.  At  the  outlets  of  the  gas  bub¬ 
blers,  separators  eliminate  the  liquid  phases.  The  levels  in  the  water 
tanks  are  measured  by  level  meters  that  control  the  deionized 
water  flows.  The  humidified  gases  are  supplied  to  the  FC  by  heat¬ 
ing  hoses  to  avoid  condensation.  The  temperatures  of  water  and 
heating  hoses  are  controlled  by  PID  controllers.  At  the  FC  outlets, 
condensers  supplied  with  cold  water  lower  the  gas  dew  points  to 
about  12  °C.  A  flow  diagram  of  the  test  bench  and  humidification 
units  can  be  found  in  [17]. 

The  EIS  tests  presented  in  this  article  were  performed  in  the 
framework  of  the  French  DIAPASON  project,  which  aim  is  to  pro¬ 
pose  diagnosis  strategies  for  PEMFCs.  Diagnostic  tools  based  both 
on  experimental  investigations  and  data  analysis  solutions  have 
been  proposed  to  detect  and  classify  failures  or  faulty  operation 
modes  so  as  to  prevent  or  limit  FC  degradation.  The  EIS  work  done 
in  our  lab  has  focused  on  water  management  issues  and  differ¬ 
ent  flooding/drying  states,  which  are  usually  reversible  and  quite 
easy  to  control,  were  induced  in  the  FC  generator.  In  the  project, 
all  the  experimental  data  were  recorded  according  to  a  fractional 
experimental  design  [18]  including  five  operating  factors  (FC  tem¬ 
perature,  anode  and  cathode  stoichiometry  rates,  relative  humidity 
rates  at  anode  and  cathode)  with  two  levels  each.  In  total,  16  EIS 
experiments  were  led  on  the  20  cell  stack.  Different  shapes  of  stack 
impedance  spectrum  were  recorded  following  the  experiment  con¬ 
sidered  and  the  levels  of  the  investigated  operating  parameters. 

A  first  example  of  impedance  results,  for  individual  cells  and 
stack,  respectively,  are  displayed  in  Fig.  3(a)  and  (b).  The  test  con¬ 
ditions  are  the  following  ones.  The  polarization  current  is  50  A 
(0.5  A  cm-2).  The  FC  is  fed  with  humidified  hydrogen  and  air.  The 
anodic  and  cathodic  relative  humidities  are  equal  to  75%.  The  anodic 
and  cathodic  stoichiometry  rates  are  set  to  1.8  and  3,  respectively. 
The  anodic  and  cathodic  inlet  pressures  are  controlled  at  1.5  bar, 
and  the  FC  temperature  at  80  °C.  This  particular  parameter  setting 
is  intended  to  induce  a  minor  flooding  in  the  FC  cathode  com¬ 
partment.  The  purpose  is  to  highlight  a  performance  variability  of 
the  individual  cells  in  the  FC  assembly  through  EIS  measurements 
while  keeping  a  stationary  polarization  state  during  the  complete 
stack  characterization.  The  frequency  of  the  impedance  spectrum  is 


Fig.  2.  Impedance  spectroscopy  measurement  on  a  PEMFC  stack. 
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Fig.  3.  Impedance  results  for  individual  cells  (a)  and  stack  (b).  Stationary  conditions. 
Note  that  “stacl<9”  (for  instance)  is  the  spectrum  recorded  at  the  stack  boundaries 
during  the  spectrum  acquisition  on  “cell9”. 


ranging  from  50  mHz  to  5  kHz.  Ten  frequencies  by  decade  are  used 
for  the  frequency  bandwidth  5  kHz-1  Hz,  and  five  frequencies  by 
decade  for  the  frequency  range  1  Hz-50  mHz. 

In  the  EIS  experiment  performed,  the  impedance  of  the  FC  stack 
(shown  in  Fig.  3(b):  “stackl” . . .  “stack20”)  is  recorded  during  each 
elementary  cell  impedance  analysis  (“celll”  . . .  “cell20”).  By  this 
way,  it  can  be  verified  that  no  drift  of  the  FC  stack  polarization 
point  occurs  during  the  complete  acquisition  sequence.  According 
to  Fig.  3(b),  the  behavior  of  the  stack  remains  in  a  stationary  state 
and  it  is  slightly  governed  by  oxygen  diffusion  phenomena  at  the 
cathode.  The  20  cell  stack  impedance  measurements  have  anal¬ 
ogous  shapes  and  thus,  no  evidence  of  drift  operating  conditions 
is  indicated  through  the  whole  experiment.  Some  comparisons 
between  the  various  cell  impedance  spectra  are  then  possible.  In 
Fig.  3(a),  the  cell  impedance  results  highlight  some  specific  behav¬ 
iors  mainly  for  two  cells  in  the  stack:  Cell  19  and  Cell  20.  Moreover, 
these  cells  show  the  poorest  performances  with  the  largest  diffu¬ 
sion  loops.  Their  specific  behaviors  can  be  related  to  their  positions 
in  the  stack.  In  Fig.  4,  a  scheme  shows  the  distribution  of  the  flow 
inlets  and  outlets  on  the  terminal  plates  of  the  investigated  FC  stack. 
Problems  of  hydrogen  diffusion  may  be  detected  since  the  two  cells 
are  located  near  the  fuel  outlet  (H2  out  in  Fig.  4).  The  problems  of 
hydrogen  transport  might  be  caused  by  an  accumulation  of  water 
at  this  FC  side.  On  the  investigated  stack,  the  location  of  the  fuel 
outlet  fitting  is  upper  than  the  fuel  inlet  position,  which  does  not 
make  easy  the  flushing  of  residual  water  droplets  out  of  the  stack. 

If  the  stack  design  can  be  considered  to  make  assumptions  on 
the  singular  behaviors  of  individual  cells,  some  other  important 
factors  may  also  impact  the  cell  voltage  distribution  (e.g.  slight  non¬ 
homogeneity  in  FC  components  due  to  manufacturing  processes 
and  stack  assembly).  In  many  papers,  the  authors  investigate  only 
the  stack  response  and  make  the  assumption  of  homogeneous  cell 
responses  [11,12,19].  As  shown  by  Fig.  3(a),  this  strong  hypothe¬ 
sis  cannot  always  be  verified  for  large  PEMFC  systems  and  it  might 
not  be  relevant  in  the  frame  of  diagnostic  approaches.  Clearly,  the 
impedance  spectrum  record  on  each  cell  (or  possibly  on  groups  of 


Cooling  out 


Fig.  4.  Scheme  of  the  FC  used  during  the  EIS  tests.  Distribution  of  the  flow  inlets  (in) 
and  outlets  (out)  on  the  terminal  plates  of  the  stack. 

cells)  appears  to  be  a  key  task  when  dealing  with  diagnostic  issues 
of  PEMFC.  Diagnosis  works  lead  to  the  setting  of  difficult  operat¬ 
ing  conditions  for  the  FC.  Therefore,  the  polarization  point  may 
drift  from  its  initial  position,  inducing  a  more  complex  analysis  of 
the  impedance  results.  Some  authors  propose  to  use  mathematical 
tools  to  resolve  the  problem  of  systems  with  states  that  change  with 
time  [20].  Whereas  some  other  authors  recommend  using  multi¬ 
sine  injection  in  order  to  limit  the  consequence  of  polarization  point 
drift  [21].  These  approaches  can  be  implemented  in  our  acquisi¬ 
tion  system  and  we  plan  to  integrate  them  in  further  development 
works.  However,  at  this  stage,  we  propose  to  check  that  no  drift 
occurs  during  cell  impedance  spectrum  acquisition. 

Another  example  of  EIS  experiment  is  considered.  The  operating 
conditions  of  the  previous  test  are  applied  (e.g.  polarization  cur¬ 
rent  of  50  A),  excepted  for  the  stoichiometric  rates  (three  at  anode 
side  and  two  at  cathode  side)  and  the  cathodic  relative  humidity 
(35%).  Fig.  5(a)  and  (b)  show  the  impedance  results  of  the  cells 
and  stack,  respectively.  With  the  selected  operating  conditions, 
a  good  example  of  a  PEMFC  system  drifting  during  a  characteri¬ 
zation  procedure  can  be  exhibited  in  Fig.  5.  Similarly  to  Fig.  3(a), 
Fig.  5(a)  shows  specific  behaviors  for  Cell  19  and  Cell  20,  and  sug¬ 
gests  non-optimal  stack  design,  gas  supply  (e.g.  arrangement  of  the 
channels  in  FC  bipolar  plates)  and  cooling  system  configuration. 
With  regard  to  Fig.  5(b),  a  direct  comparison  between  the  individual 
cell  impedance  spectra  is  not  possible  due  to  the  gradual  drift  of  the 
polarization  point.  It  can  be  attributed  to  insufficient  air  flow  rates 
and  to  a  gradual  accumulation  of  water  inside  the  FC  (especially  in 
the  electrodes  and  GDLs  at  cathode  side). 

3.  LSV  and  CV  experimental  protocols  for  FC  stacks 

3.1.  Linear  sweep  voltammetry 

PEMFC  electrolyte  permeability  to  reactants  (hydrogen,  oxygen) 
and  electrons  is  considered  as  a  critical  factor  which  reduces  FC 
performances  and  lifetime  [6].  The  gas  permeability  through  the 
membrane  has  been  widely  studied  [22-24].  The  gas  permeation 
phenomenon  can  occur  only  if  there  is  a  partial  pressure  gradient 
between  the  anode  and  cathode  compartments.  Although  the  gas 
permeation  of  both  hydrogen  and  oxygen  is  possible,  the  oxygen 
permeation  occurs  at  a  rate  well  below  the  hydrogen  one.  In  their 
work,  Sakai  et  al.  have  observed  that  the  oxygen  permeation  rate  is 
twice  smaller  than  the  hydrogen  one  [25].  Some  other  works,  like 
those  of  Ogumi  et  al.  have  confirmed  these  results  [23].  The  work 
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Fig.  5.  Impedance  results  for  individual  cells  (a)  and  stack  (b).  Non-stationary  con¬ 
ditions.  Note  that  “stacl<9”  (for  instance)  is  the  spectrum  recorded  at  the  stack 
boundaries  during  the  spectrum  acquisition  on  “cell9”. 


of  Yoshitake  et  al.  noticed  an  oxygen  permeation  rate  much  lower 
(seven  times  less)  [22].  As  a  matter  of  fact,  the  effects  of  oxygen 
permeation  are  neglected  in  many  scientific  works.  Besides,  the 
nitrogen  content  in  the  air  at  cathode  can  also  cross  the  electrolyte. 
At  anode  side,  the  accumulation  of  nitrogen  at  the  bipolar  plate’s 
outlet  reduces  the  concentration  of  hydrogen  in  this  area,  which 
may  result  in  a  local  hydrogen  starvation  [6]. 

The  first  consequence  of  hydrogen  oxidation  reaction  (HOR) 
at  cathode  side  is  a  decrease  of  the  open  circuit  voltage  (OCV) 
[26].  It  is  also  possible  that  hydrogen  reacts  directly  with  oxygen 
(combustion  reaction)  present  in  the  membrane  or  at  the  cathode 
layer/membrane  interface.  This  exothermic  reaction  destroys  the 
MEA  structure  and  leads  to  the  formation  of  pinholes/holes  in  the 
membrane.  Several  factors  may  influence  the  gas  permeability  rate 
such  as:  chemical  composition,  thickness,  microstructure  of  the 
membrane,  and  the  operating  parameters  (gas  relative  humidity, 
inlet  pressures,  temperatures. . .). 

LSV  is  a  powerful  tool  allowing  the  estimation  of  hydro¬ 
gen  crossover  and  the  detection  of  any  internal  electronic  short 
between  anode  and  cathode.  LSV  is  an  electro-analysis  method 
based  on  the  measurement  of  the  electrons  flow  at  the  working 
electrode  (at  cathode),  resulting  from  HOR  at  cathode  side.  The  elec¬ 
trons  flow  at  the  working  electrode  is  measured  while  the  potential 
between  the  working  electrode  and  a  pseudo-reference  electrode 
(at  cathode)  is  swept  linearly  but  slowly  in  time.  Oxidation  of  hydro¬ 
gen  species  is  registered  as  a  peak  in  the  current  signal  for  potential 
ranging  from  50  to  400  mV.  Generally,  a  scan  rate  between  1  and 
4mVs-1  is  adopted.  In  order  to  prevent  platinum  oxidation,  the 
scan  potential  range  is  limited  from  0  to  0.8  V  [27].  In  LSV  experi¬ 
ments,  the  anode  is  usually  fed  with  hydrogen  while  the  cathode  is 
supplied  with  nitrogen. 

Faraday’s  Law  Eq.  (1)  can  be  used  to  estimate  the  hydrogen 
crossover  flux Nh2  (moles-1  cm-2): 


where  I  (A cm-2)  represents  the  electron  flow  per  unit  of  area 
produced  at  the  working  electrode;  n  is  the  number  of  electrons 
required  per  reaction  (HOR  =  2),  and  F  is  the  Faraday’s  constant 
(96,485  C  mole-1). 

The  use  of  membranes  with  low  thickness  (~20  p,m)  enables  to 
increase  the  FC  performance  by  limiting  the  ohmic  losses.  How¬ 
ever,  these  membranes  may  lead  to  electrons  permeation  through 
the  electrolyte.  The  determination  of  its  internal  electronic  resis¬ 
tance  (the  so-called  short-circuit  resistance)  can  possibly  be  used 
as  a  membrane  state  of  health  indicator.  The  presence  of  an  inter¬ 
nal  short-circuit,  caused  by  the  passage  of  electrons  through  the 
membrane  is  represented  by  a  positive  slope  for  potentials  above 
0.4  V  approximately  [6].  The  short-circuit  resistance  Rs c  (^  cm2)  is 
defined  by  the  ohmic  law  from  0.4  to  0.6  V  (Eq.  (2)). 


p  AV 

Rsc=  A T 


(2) 


where  AV  represents  the  voltage  interval  (V)  used  to  determine 
the  internal  short-circuit  resistance  and  A /  the  associated  current 
density  (A cm-2). 

To  date  and  as  it  was  already  mentioned,  the  studies  dealing 
with  fuel  crossover  issues  have  focused  on  single-cell  generators. 
To  our  knowledge,  no  article  deals  with  this  type  of  experiment 
led  on  multi-cell  generators.  However,  the  characterization  of  both 
FC  generator  and  individual  cells  within  the  stack  leads  to  relevant 
sources  of  information  useful  for  the  diagnosis  of  FC  systems.  Simi¬ 
larly  to  the  single-cell  characterization,  the  electrode  (generally  the 
cathode)  that  we  aim  to  analyze  is  supplied  by  an  inert  gas  such  as 
nitrogen  while  the  other  electrode  is  fed  with  hydrogen.  Neverthe¬ 
less,  the  potentiostatic  assembly  differs  from  the  one  that  is  used 
for  single-cell  testing  (Fig.  6).  For  the  characterization  of  an  individ¬ 
ual  single  cell  located  inside  the  FC  stack,  the  working  and  counter 
electrodes  (load  current  circuit)  are  connected  respectively  to  the 
cathode  and  anode  of  the  FC  generator.  The  pseudo-reference  elec¬ 
trode  (voltage  circuit)  is  connected  to  the  FC  anodic  electrode  that 
we  aim  to  study,  while  the  test  electrode  (voltage  circuit)  sense  is 
connected  to  the  FC  cathodic  electrode  of  the  same  cell. 

For  the  characterization  of  one  cell  in  the  generator,  the  poten¬ 
tial  difference  applied  between  the  pseudo-reference  electrode 
and  the  test  electrode  sense  should  not  exceed  0.8  V  in  order  to 
avoid  any  platinum  nanoparticles  oxidation.  For  the  characteri¬ 
zation  of  a  FC  stack,  the  potential  difference  (VDDP)  in  (V)  to  be 
applied  between  the  pseudo-reference  electrode  and  the  test  elec¬ 
trode  sense  depends  on  the  number  of  cells  which  compose  the  FC 
assembly.  It  is  defined  by  Eq.  (3): 


VDDp  =  0.8  x  number  of  cells 


(3) 


Similarly,  the  sweep  rate  depends  on  the  selected  value  for  one 
cell  (for  example  2  mV  s-1 )  and  on  the  number  of  cells  as  well.  Its 
value  (VSc)  in  (V) can  be  defined  by  Eq.  (4): 


VSc  =  2  x  number  of  cells 


(4) 


To  establish  Eqs.  (3)  and  (4),  we  assume  in  a  first  approach  that 
all  the  cells  in  the  FC  behave  in  a  homogeneous  way  during  the 
stack  characterization.  Therefore,  we  consider  also  that  the  sweep 
rates  applied  to  the  cells  are  fairly  uniform.  Our  assumptions  and 
protocols  are  at  least  valid  for  a  FC  generator  that  does  not  exhibit 
too  much  large  heterogeneities  in  the  behaviors  of  its  individual 
cells. 

An  example  of  LSV  record  obtained  at  the  boundaries  of  a  three 
cell  PEMFC  stack  is  displayed  in  Fig.  7.  The  corresponding  LSV 
test  results  are  given  in  Table  2.  Here,  the  measurements  were 
done  with  a  Zahner  potentiostat  (IM6  and  PP240  module)  [16]. 
The  fuel  crossover  values  measured  for  each  cell  and  for  the  com¬ 
plete  generator  are  displayed.  The  FC  experiments  were  performed 
at  atmospheric  pressure,  ambient  temperature  (25  °C),  relative 
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Fig.  6.  Potentiostatic  assembly  dedicated  to  the  fuel  crossover  measurements  for  one  individual  cell  in  the  FC  stack  (A)  and  for  the  whole  FC  generator  (B). 


Table  2 

Fuel  crossover  currents  and  short-circuit  resistances  in  a  three  cell  stack  (measure¬ 
ments  done  on  the  individual  cells  and  at  the  boundaries  of  the  stack). 


Crossover  current 
(mAcirr2) 

Short-circuit 

resistance 

(ficm2) 

Error  range  on 
measurement 

(%) 

Cell  1 

0.71 

2793 

±0.35 

Cell  2 

0.76 

1930 

±0.35 

Cell  3 

0.81 

2166 

±0.35 

Mean  cell 

0.76 

6888/3 

±1.05 

Stack 

0.77 

6758 

±0.35 

hygrometry  of  30%  at  the  anode  and  90%  at  the  cathode.  In  this 
case,  the  operating  conditions  were  defined  with  the  aim  to  val¬ 
idate  the  voltammetry  measurement  method  and  not  to  induce 
particular  conditions  leading  to  any  FC  performance  degradation. 
Constant  flows  of  hydrogen  and  nitrogen  equal  to  1 .5  N1  min-1  were 
applied.  A  scan  rate  of  2  mV  s-1  was  selected.  Finally,  the  voltage 
explored  for  a  cell  was  ranging  between  15  and  800  mV  and  the 
voltage  varied  from  50  mV  to  2.4  V  during  the  characterization  of 
the  complete  generator.  The  fuel  crossover  currents  measured  for 
each  cell  show  no  membrane  degradation.  However,  an  inhomo¬ 
geneity  in  the  results  can  be  observed  (Table  2).  The  fuel  crossover 
current  increases  linearly  with  the  position  of  the  cell  in  the  gener¬ 
ator  (+14%  between  Cell  3  and  Cell  1 ).  This  observation  on  the  fuel 
crossover  current  can  be  attributed  to  the  stack  design  (all  fluidic 
inlets  and  outlets  of  this  three  cell  stack  are  located  on  the  same 
terminal  plate),  and  explained  by  the  distribution  of  the  hydrogen 
partial  pressure  at  anode  [28].  The  value  measured  on  the  com¬ 
plete  generator  fits  well  with  the  arithmetic  average  of  the  three 
cell  values  (1.32%),  which  let  us  suggest  that  the  measure  on  the 


Fig.  7.  Example  of  LSV  test  result  obtained  on  a  three  cell  stack. 


complete  generator  can  give  a  good  picture  of  its  overall  state  of 
health.  In  Table  2,  a  significant  change  in  the  short-circuit  resis¬ 
tance  value  can  be  observed  (-31%  from  Cell  1  to  Cell  2).  A  high 
value  of  the  electrical  short-circuit  resistance  is  needed  to  obtain 
elevated  FC  performances.  Generally,  a  value  up  to  1000  £2  cm2  is 
suggested.  The  good  match  between  the  sum  of  the  individual  cell 
resistances  and  the  resistance  measured  at  the  boundaries  of  the 
generator  shows  that  the  different  measurements  are  consistent 
(error  of  1.93%). 

The  slight  differences  observed  in  Table  2  between  the  “Mean 
cell”  and  “Stack”  values  can  be  explained  by  considering  the  error 
intervals  related  with  the  measurement  accuracies.  Since  crossover 
current  level  and  short-circuit  resistance  are  determined  in  the 
LSV  diagram  both  from  current  and  voltage  information,  a  global 
error  of  ±0.35%  can  be  expected  for  one  measurement,  according 
to  the  manufacturer  of  the  potentiostat  used  in  these  experiments 
(error  on  voltage  of  ±0.1%  cumulated  with  the  error  on  current 
of  ±0.25%)  [16].  The  “Mean  cell”  values  are  computed  from  three 
measurements  and  thus,  they  are  given  with  an  accuracy  of  ±1 .05%. 

The  measurement  errors  allow  explaining  a  large  part  of  the 
small  gaps  observed  between  the  values  determined  from  the 
individual  cells  and  the  values  measured  at  the  boundaries  of 
the  stack.  However,  other  additional  explanations  can  be  found. 
Indeed,  it  is  also  possible  that  the  individual  cells  interact,  lead¬ 
ing  to  mutual  leaking  effects.  However,  at  this  stage  of  our  work, 
this  phenomenon  seems  to  be  difficult  to  be  taken  into  account 
from  an  experimental  point  of  view.  Further  investigations  in  terms 
of  experimentation  and  possibly  modeling  phases  are  needed  to 
clarify  this  issue. 

3.2.  Cyclic  voltammetry 

Another  well-suited  tool  to  study  the  FC  behavior  is  the  CV.  As 
for  LSV  experiments,  the  FC  is  fed  with  hydrogen  at  the  work¬ 
ing  electrode  (anode)  and  inert  gas  (nitrogen,  helium)  at  the 
counter/pseudo-reference  electrode  (cathode),  respectively.  The 
electrocatalytic  performances  of  the  FC  electrodes  can  be  stud¬ 
ied  by  ex  situ  or  in  situ  voltammetry  experiments.  In  the  case 
of  ex  situ  experiments  (also  known  as  half-cell  experiments),  an 
aqueous  solution  of  acid  can  be  used  to  simulate  the  proton  con¬ 
ductivity  and  to  determine  the  electrode  properties.  However,  in 
situ  experiments  realized  on  a  complete  FC  lead  to  a  two-electrode 
configuration  in  which  one  of  the  electrodes  (typically  the  anode) 
serves  both  as  pseudo-reference  electrode  and  counter  electrode. 
Most  of  the  time,  researchers  analyze  the  electrochemical  activity 
of  the  FC  cathode  because  of  the  sluggish  kinetics  of  the  oxygen 
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Fig.  8.  Example  of  cyclic  voltammograms  recorded  at  the  boundaries  of  a  five  cell  stack  (using  the  B  configuration  of  the  test  scheme  proposed  in  Fig.  6). 


reduction  reaction.  Akin  to  LSV  experiments,  the  voltage  of  the 
working  electrode  is  swept  to  noble  potentials  and  the  hydrogen 
molecules  that  crossover  the  membrane  are  instantly  oxidized.  In 
contrast  to  LSV  experiments,  an  additional  reverse  potential  scan  is 
performed  during  a  CV  experiment.  In  CV  tests,  the  potential  of  the 
working  electrode  is  swept  first  from  low  potentials  to  high  poten¬ 
tials  to  oxidize  the  adsorbed  hydrogen  (Hads)  at  catalyst  layer  to  H+ 
(Eq.  (5))  in  the  potential  region  ranging  from  0.4  to  0.05  V.  Then,  the 
potential  is  swept  back  (from  high  potentials  to  low  potentials)  to 
electrochemically  reduce  protons  to  adsorbed  hydrogen  molecules 
(Hads)  (Eq.  (6))  in  the  potential  region  0.05-0.4  V. 


Pt-Hads^Pt  +  H+  +  e- 

(5) 

Pt  +  H+  +  e-^Pt-Hads 

(6) 

In  comparison  to  LSV  experiments,  the  sweep  rate  value 
in  CV  experiments  is  higher  in  order  to  increase  the  oxida¬ 
tion/reduction  peak  size.  Nevertheless,  a  higher  sweep  rate  induces 
more  impedance  losses  in  the  porous  electrodes  [29]  and  may  lead 
to  a  kinetic  controlled  system  (irreversible  system).  Identically  to 
LSV  experiments,  the  oxidation  or  reduction  reaction  involves  an 
electrons  flow  between  the  working  electrode  and  the  potentio- 
stat.  Some  examples  of  typical  cyclic  voltammograms  recorded  on 
a  five  cell  PEMFC  stack  are  displayed  in  Figs.  8  and  9.  The  voltam¬ 
mograms  exhibit  multiple  current  peaks  associated  with  both  the 
oxidation  and  reduction  reactions.  The  integration  of  these  various 
peaks  at  low  voltage  range  (shaded  area  in  Fig.  8)  provides  some 
information  about  the  electrochemical  active  area  (ECA).  The  ECA 
available  at  the  electrode  can  be  determined  by  considering  Eq.  (7). 
The  atomic  hydrogen  adsorption/desorption  charge  density  (Q)  can 
be  estimated  using  the  hydrogen  adsorption  area  (shaded  area  in 
Fig.  8)  or  hydrogen  desorption  area. 


ECA  = 


_Q_ 

r  x  l 


(7) 


where  Q. is  the  atomic  hydrogen  adsorption/desorption  charge  den¬ 
sity  (Ccnrr2),  r  is  the  mean  quantity  of  charge  needed  to  reduce 
a  monolayer  of  protons  on  platinum  surface  (210  ixCcm-2)  and  L 
represents  the  platinum  loading  in  the  electrode  (gPtcnrr2). 

Additionally,  the  characteristics  of  the  adsorption/desorption 
peaks  can  provide  some  information  about  the  platinum  crystal 


planes  used  for  the  adsorption/desorption  of  the  hydrogen  species 
(Fig.  9)  [30].  One  drawback  of  this  technique  for  assessing  sup¬ 
ported  electrocatalysts  is  that  the  carbon  features  interact  with  the 
hydrogen  adsorption  and  desorption  characteristics  (double  layer 
charging  and  redox  behavior  of  surface  active  groups  on  carbon), 
leading  to  an  underestimation/overestimation  of  ECA  [31  ]. 

Until  now,  the  study  of  the  ECA  in  PEMFCs  has  been  carried  out 
on  single-cell  generators.  To  our  knowledge,  no  paper  deals  with 
this  kind  of  experiment  conducted  on  multi-cell  generators.  The 
potentiostat  scheme  used  to  determine  both  ECA  on  complete  gen¬ 
erator  and  individual  cells  is  identical  to  the  one  presented  in  Fig.  6. 
The  electrode  under  investigation  (generally  the  cathode)  is  sup- 
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Fig.  9.  Example  of  cyclic  voltammograms  recorded  on  each  individual  cell  of  a  five 
cell  stack  (using  the  A  configuration  of  the  test  scheme  proposed  in  Fig.  6). 
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Table  3 

Electrochemical  active  areas  measured  for  each  elementary  cell  and  for  the  stack. 


ECA  (m2  Pt(gPt)-1) 

Error  range  on  measurement  (%) 

Cell  1 

74.8 

±0.35 

Cell  2 

71.2 

±0.35 

Cell  3 

71.5 

±0.35 

Cell  4 

73.4 

±0.35 

Cell  5 

69.3 

±0.35 

Mean  cell 

72 

±1.75 

Stack 

74 

±0.35 

plied  by  an  inert  gas  such  as  nitrogen  while  the  other  electrode  is 
fed  with  hydrogen.  Similarly  to  LSV  experiments,  the  potential  dif¬ 
ference  applied  between  the  pseudo-reference  electrode  and  the 
test  electrode  sense  should  not  exceed  0.8  V  per  cell  in  order  to 
avoid  any  platinum  nanoparticles  oxidation  (Eq.  (3)).  Similarly,  the 
sweep  rate  also  depends  on  the  number  of  cells.  Its  value  (VSc)  is 
defined  by  Eq.  (8),  considering  a  scan  rate  of  40  mV  s-1  for  one  cell: 

VSc  =  40  x  number  of  cells  (8) 

Again,  we  assume  in  our  approach  that  the  cells  in  the  stack 
behave  in  a  homogeneous  way  and  we  consider  that  the  sweep 
rates  applied  on  the  individual  cells  are  uniform.  Cyclic  voltam- 
mograms  recorded  for  the  complete  generator  (five  cell  stack)  and 
for  each  cell  in  the  stack  are  shown  in  Figs.  8  and  9,  respectively. 
The  experiments  were  performed  on  a  new  FC  at  80  °C,  at  atmo¬ 
spheric  pressure,  with  relative  hygrometry  at  anode  and  cathode 
equal  to  45%.  Some  constant  flows  of  hydrogen  and  nitrogen  gas 
(1 .5  N1  min-1 )  were  used.  A  scan  rate  of  40  mV  s-1  was  applied.  In 
this  case,  the  ECA  was  determined  considering  hydrogen  desorp¬ 
tion.  Finally,  the  voltage  explored  for  a  cell  was  ranging  between 
50  and  700  mV  and  the  voltage  varied  from  50  mV  to  3.5  V  during 
the  characterization  of  the  complete  generator.  In  Fig.  8,  the  cyclic 
voltammogram  measured  on  the  stack  has  similar  shape/peaks  to 
those  recorded  on  the  individual  cells  (Fig.  9).  Fig.  9  and  Table  3  do 
not  exhibit  strong  variation  of  ECA  between  individual  cells,  which 
is  coherent  with  the  expected  behavior  of  a  new  FC.  Moreover,  the 
ECA  value  measured  on  the  complete  generator  fits  well  with  the 
arithmetic  average  of  the  ECA  measured  for  the  five  cells  (differ¬ 
ence  of  2.8%).  Like  for  LSV,  the  small  gap  observed  between  the 
two  values  can  be  related  to  errors  on  current  and  voltage  mea¬ 
surements  done  with  the  potentiostat  [16].  The  error  ranges  are 
given  in  Table  3  for  the  various  measurements.  Further  explana¬ 
tions  can  be  given  by  considering  the  work  of  Kumpulainen  et  al. 
In  [32],  a  close  relation  between  the  duration  at  which  humidi¬ 
fied  gases  are  applied  and  the  ECA  value  is  observed.  According  to 
this  study,  the  ECA  evolves  noticeably  during  the  first  hour  follow¬ 
ing  the  FC  supply  with  humidified  gases.  In  our  experiments,  the 
various  operating  parameters  have  been  set  cautiously  in  order  to 
obtain  reproducible  and  meaningful  measuring  results.  However, 
small  differences  in  the  gas  flow  and  humidification  time  durations 
may  also  have  impacted  the  test  results. 

4.  Conclusions 

This  paper  deals  with  new  test  instruments  and  protocols  dedi¬ 
cated  to  the  characterization  and  diagnostic  of  fuel  cell  stacks.  EIS, 
LSV,  and  CV  methods  are  concerned. 

In  a  first  part,  a  new  electrochemical  impedance  spectrometer 
allowing  the  test  of  large  FC  stacks  has  been  presented.  In  order 
to  validate  this  acquisition  system  and  to  demonstrate  some  of  its 
capabilities,  some  experiments  were  conducted  on  a  20  cell  PEMFC 
stack.  The  instrument  was  used  to  highlight  some  singular  physical 
behaviors  and  performances  of  individual  cells  located  inside  the 
FC  assembly.  The  EIS  results  presented  as  examples  in  this  article 
were  obtained  with  a  polarization  current  of  50  A.  However,  EIS 


characterization  can  be  done  with  polarization  currents  up  to  450  A 
(this  value  corresponds  to  the  maximal  value  allowed  by  the  LEM 
transducer  used  for  the  FC  current  measurement).  Current  values  of 
several  hundred  Amperes  correspond  to  typical  values  in  the  case  of 
FC  stacks  showing  significant  power  levels  (>10kW)  for  transport 
applications. 

In  its  current  configuration,  the  impedancemeter  equipment 
costs  approximately  half  as  much  as  a  commercial  spectrometer 
(20  k€).  It  enables  the  diagnosis  of  FC  and  other  electrochemical 
sources  (as  battery,  supercapacitor  banks)  composed  of  31  modules 
(cells  or  groups  of  cells).  However,  with  the  help  of  two  additional 
multiplexer  cards  (4 1<€),  the  impedancemeter  could  diagnose  up  to 
93  channels.  In  order  to  limit  impedance  acquisition  durations  and 
possible  effects  of  polarization  point  drifts,  multi-sine  injection  and 
analysis  have  to  be  implemented  on  the  new  impedancemeter.  This 
can  be  done  without  changing  any  hardware  part  of  the  apparatus. 

In  a  second  part,  voltammetry  experiments  were  conducted  on 
short  FC  stacks  with  a  Zahner  commercial  potentiostat.  The  fuel 
crossover  phenomenon  in  a  three  cell  PEMFC  stack  was  analyzed 
using  the  LSV  method.  The  crossover  rates  were  determined  for 
each  individual  cell  inside  the  complete  assembly  and  for  the  whole 
stack  as  well.  A  minor  variability  in  the  membrane  permeability 
values  was  detected,  but  growing  levels  versus  cell  position  along 
the  investigated  FC  stack  were  also  highlighted.  The  relevance  of 
our  measurement  method  was  indicated  by  a  strong  similarity 
between  the  sum  of  the  crossover  rates  measured  on  each  cell 
and  the  permeability  value  recorded  on  the  entire  stack.  Simi¬ 
larly,  CV  was  applied  successfully  on  a  five  cell  stack.  The  results 
obtained,  in  terms  of  ECA  determination  (both  for  individual  cells 
and  stack),  have  also  confirmed  the  suitability  of  our  approach.  In 
order  to  validate  the  voltammetry  protocols  on  larger  multi-cell 
stacks,  well-suited  potentiostats  are  needed. 
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